Tissue barriers that restrict passage of liquids, ions, and larger solutes are essential for the development of multicellular organisms. In simple organisms this allows distinct cell types to interface with the external environment. In more complex species, the diversity of cell types capable of forming barriers increases dramatically. Although the plasma membranes of these barrier-forming cells prevent flux of most hydrophilic solutes, the paracellular, or shunt, pathway between cells must also be sealed. This function is accomplished in vertebrates by the zonula occludens, or tight junction. The tight junction barrier is not absolute but is selectively permeable and is able to discriminate between solutes on the basis of size and charge. Many tight junction components have been identified over the past 20 years, and recent progress has provided new insights into the proteins and interactions that regulate structure and function. This review presents these data in a historical context and proposes an integrated model in which dynamic regulation of tight junction protein interactions determines barrier function.
Tight junction:
the most apical intercellular junction; limits paracellular flux Paracellular transport: passive movement of water and solutes through the space between adjacent cells (paracellular space) Transcellular transport: active or passive movement of water and solutes through cells by means of specific transmembrane transport proteins
THE TIGHT JUNCTION DEFINES EPITHELIAL BARRIER FUNCTION
The anatomic structure of the tight junction was first appreciated with the advent of transmission electron microscopy (1) , which identified regions between adjacent epithelial cells where the intercellular space was virtually eliminated (Figure 1a) . Subsequent studies using horseradish peroxidase or heavy metals as tracers demonstrated that the intercellular barrier to paracellular transport was specifically associated with the tight junction (2, 3) . Moreover, the complete morphological occlusion of the intercellular space at this site led some investigators to conclude that the epithelial tight junction was a static, impermeant barrier.
Despite the ultrastructural data, physiological analyses suggested a role for bulk transmucosal transport that was not attributable to transcellular transport (4) . Electrophysiological analyses using a vibrating probe suggested that this occurred across an ion-selective paracellular pathway (5) . Ultrastructural analyses confirmed that such transport occurred across the tight junction rather than via gross epithelial defects, such as ulcers. Moreover, morphological examination showed that tight junction permeability to ionic lanthanum (La 3+ ), an electron-dense paracellular tracer, varied significantly between tissues. For example, La 3+ crossed tight junctions within rabbit ileum, but not those within rabbit gallbladder (3) . Additionally, La 3+ permeability correlated with previously observed differences in electrical conductance between tissues, suggesting that these two measures were assessing the same function and allowing for classification of epithelia as tight or leaky. However, this classification provided no clues as to the structural bases for these distinctions (3) .
A potential explanation for differences between tight and leaky barriers was developed after freeze-fracture electron microscopy was used to assess the tight junction (2, 6) . These images showed the tight junction to be a network of anastamosing strands composed of small punctae (Figure 1b) . Strands could also be appreciated in transmission electron micrographs of negatively stained tight junctions isolated from subcellular fractions (2) . Moreover, when tight and leaky epithelia were compared, it became apparent that, in most cases, the number of strands correlated positively with the tightness of the epithelium: "Tight" tight junctions typically had five or more strands, whereas "leaky" tight junctions often displayed only a single strand (7) . Identification of tight junction components and their interactions has provided insight into the molecular determinants of barrier function (Figure 1c) .
A SELECTIVELY PERMEABLE BARRIER
The relationship between tight junction strand number and barrier function made it possible to develop a mathematical model of trans-tight junction flux. Modeling each strand as an individual electrical resistor, one might consider the tight junction to be several resistors in series. This would result in a linear relationship between overall tight junction electrical resistance and strand number, as the overall resistance of any tight junction would be merely the sum of the resistances provided by each strand. However, the actual data did not conform to that model. Rather, the strand number was proportional to the log of overall tight junction resistance (8) . This result can be explained by a model in which the strands are absolute barriers punctuated by pores that can be open or closed. In this model, the resistance of each strand is a function of the open probability of the pores. Because electrical resistance is measured instantaneously, this model predicts that tight junction resistance is proportional to the open probability raised to the negative power of the number of strands present (8) .
The model above is satisfying in that it provides a unifying conceptual framework relating tight junction structure and function. However, it fails to account for several wellrecognized tight junction characteristics. For example, paracellular charge selectivity varies across different epithelia. This would suggest the presence of different pores for anions and cations or, at least, means of modifying pore charge characteristics. Moreover, the existence of two strains of Madin-Darby canine kidney (MDCK) cells with similar tight junction ultrastructure and strand number, despite a greaterthan-30-fold difference in electrical resistance, suggested that it might be possible to regulate ion conductance without dramatically impacting morphology.
In addition to charge selectivity, tight junctions across tissues, or even within a single epithelium, differ in size selectivity (Figure 2) . The most striking example of this may be the mammalian small intestine, in which at least three differently sized routes for trans-tight junction macromolecular flux exist (9) . Studies using radiolabeled probes of different sizes and autoradiography of rat jejunal tissue suggested that these distinct routes are spatially separated along the crypt-villus axis; the upper portion of the villus allows flux of solutes with radii up to ∼6Å, whereas the lower villus is permeable to a radius of ∼10Å (10). The crypt is far leakier and is permeable to molecules as large as ∼60Å (10). This scenario is consistent with freezefracture studies of crypt and villus epithelium, which have approximately four and approximately six strands per tight junction, respectively (11) . The in vivo data are also consistent with more recent studies using high-resolution approaches to map size-selective characteristics of the paracellular barrier in cultured epithelial monolayers (12, 13) . These in vitro analyses found that all cell lines have a pore pathway that is permeable to molecules with radii of ∼4Å or less and a second pathway, which we refer to as the leak pathway, for flux of larger noncharged solutes (12) . Interestingly, the only The tight junction is composed of at least two functionally distinct pathways: a high-capacity, chargeselective pore pathway that allows passage of small ions and uncharged molecules and a low-capacity leak pathway that allows flux of larger ions and molecules, regardless of charge. The permeability of these pathways can be measured using several complementary methods. However, these measure population averages; no tools are presently available to measure local tight junction permeability on a submicrometer scale. (a) Transepithelial electrical resistance (TER) measures the flux of all ions across the epithelium. This is typically done by applying a transepithelial current, by measuring the generated potential, and by using Ohm's law to calculate the resistance to current flow. The most common ions in physiological solutions, Na + and Cl − , carry this current. These small ions do not discriminate between pore and leak pathways, and therefore TER cannot be used to measure tight junction size or charge selectivity. Increased permeability of either pathway reduces TER. Like all electrophysiological measures of tight junction function, TER reflects tight junction permeability best when ion conductance across the junction is far greater than across apical and basolateral membranes, such as in leaky epithelia. (b) Charge selectivity can be measured by the dilution potential technique. By inducing a transepithelial electrochemical gradient, e.g., by altering, iso-osmotically, apical or basolateral NaCl concentrations, one can establish a new equilibrium potential based on the relative paracellular permeabilities of Na + and Cl − . For example, a permeability ratio close to 1.0 indicates no charge selectivity and does not alter the equilibrium potential across the monolayer. (Due to the higher mobility in free solution of Cl − relative to Na + , the dilution potential of a non-charge-selective pathway will be slightly negative. In practice, this makes a minimal contribution to measurements made across intact, charge-selective tight junctions.) (c) The bi-ionic substitution approach replaces Na + on one side of the monolayer with organic cations of various sizes. The permeability of each organic cation can be determined and used to assess size selectivity of the pore pathway. (d ) Leak pathway permeability can be assessed by directly measuring macromolecular flux of tracers across the epithelium. Commonly used tracers include mannitol, sucrose, inulin, or polymers, such as polyethylene glycols or dextrans, of varying sizes. Because of their size, most of these molecules reflect the leak, but not the pore, pathway. However, some polyethylene glycols are small enough to allow analysis of pore pathway permeability. Occludin: a tight junction-associated transmembrane protein that appears to play a regulatory role and organizes tight junction structure but is not essential for life Claudins: a large family of tight junction-associated transmembrane proteins that define charge selectivity of the tight junction and are critical for barrier function. For example, claudin-2 forms a cation-specific pore that permits paracellular Na + flux cell line tested that exhibits villous differentiation, Caco-2, had a third pathway that allowed passage of molecules with radii of ∼6.5Å (12), consistent with the presence of three pathways in rat jejunum. Thus, a wealth of data spanning at least 25 years suggest that size selectivity is due to the presence of at least two classes of trans-tight junction flux pathways with differing size and charge selectivity. These pathways can also be distinguished on the basis of their capacity; the pore pathway is able to carry large quantities of small uncharged solutes and specific ions, whereas the leak pathway allows only small quantities of larger molecules to pass (12, (14) (15) (16) . The identification of protein components of the tight junction and some of their functions has provided new understanding of the molecular characteristics of pore and leak pathways.
MOLECULAR COMPONENTS OF THE TIGHT JUNCTION
The first identified protein specifically associated with the tight junction, zonula occludens-1 (ZO-1), was discovered in 1986 (17) . Cingulin, a second tight junction-associated protein that, like ZO-1, lacks transmembrane domains was reported the following year (18) . Subsequent studies identified additional peripheral membrane proteins related to ZO-1 and cingulin (19, 20) . Despite the discovery of ZO-1 and cingulin, it was clear that integral membrane proteins would be required for tight junction function and that these should have both adhesive and pore-forming properties. Thus, identification of the first tight junction-associated integral membrane protein was groundbreaking (21) . This tetraspanning membrane protein, occludin, was determined to be a component of tight junction strands, to interact with ZO-1 and other tight junction-associated proteins (22, 23) , and to possess adhesive properties (24) . Nevertheless, tight junctions were present in occludin-deficient cells, the number of strands was identical to that of occludin-expressing cells, and barrier development was similar in the presence and absence of occludin (25) . Although occludin knockout mice had a number of developmental and reproductive abnormalities, intestinal epithelial tight junctions were intact, and there was no obvious intestinal disease (26) . However, both ZO-1 and occludin have been implicated in maintenance and regulation of the barrier to leak pathway flux (27) (28) (29) .
The lack of an essential role for occludin in tight junction assembly or structure prompted a search for additional integral membrane tight junction proteins and led to the discovery of claudins 1 and 2 (30) . Like occludin, claudins are tetraspanning membrane proteins that localize to tight junction strands and have two extracellular loops (31) . A family of at least 24 claudin proteins was ultimately defined (14) , and this family appears to regulate tight junction ion selectivity (32, 33) , with individual family members forming cation-or anion-selective pores (16, (34) (35) (36) (37) (38) (39) (40) (41) . Site-directed mutagenesis of specific residues within the first extracellular loop of claudins can reverse the charge selectivity of the pore (35, 36) , whereas inclusion of both acidic and basic residues in that region can reduce permeability to both cations and anions (42) . These properties of claudins have been the topic of many reviews (43) and are not discussed in detail here.
A variety of other tight junction proteins, which may be classified as integral membrane, peripheral membrane, and signaling proteins, have also been identified (44) . Several of these interact with the dense band of actin and myosin II that is present subjacent to the tight and adherens junctions. Because the roles of claudins, occludin, and ZO-1 have been studied most extensively, we focus on these as representative tight junction proteins.
PROTEINS AND LIPIDS CONTRIBUTE TO BARRIER FUNCTION
Despite the identification of a plethora of tight junction-associated proteins, the components that form the selectively permeable paracellular PDZ (PSD95, Dlg, and ZO-1) domain: a protein domain that supports protein interactions. A YV motif at the C terminus of claudins binds to the first of three PDZ domains within ZO-1 barrier are not well-defined. This may, in part, reflect our limited understanding of tight junction membrane structures. For example, some studies using a technique of direct, rapid freezing of newly assembled tight junctions identified cylinders within the junctions (45) that were interpreted as inverted phospholipid micelles formed from adjacent cell membranes. This suggested that the tight junction barrier might be the result of focal membrane fusion (45, 46) . Although this model has fallen out of favor, we know that tight junction membranes are cholesterol-enriched, raft-like microdomains (47) . Moreover, the observations that cholesterol depletion causes rapid barrier loss (48) and that occludin can interact with the raft component caveolin-1 (28, 29, 47) suggest that lipids are critical structural and functional components of the tight junction. However, advances in discovery of tight junction protein components have, in recent years, overshadowed the limited progress that has been made in understanding the roles of lipids.
Claudin proteins are strongly associated with tight junction barrier function (43) . First, claudin proteins can form tight junction-like strands when expressed in fibroblasts, which do not otherwise form intercellular junctions and lack the majority of tight junction components (31) . Second, consistent with an adhesive role of extracellular claudin domains, these strands form only at sites of cell-cell contact (31, 49) , and several studies suggest that residues within the conserved second extracellular loop of claudins mediate interactions between proteins on adjacent cells (50) (51) (52) . Finally, barrier function is reduced when some family members, including claudin-4 and claudin-5, are not expressed or are removed from the junction, whereas conversely their overexpression enhances barrier function (50, (53) (54) (55) . Together with the finding that some claudins can enhance paracellular flux of specific ions, these data have led to the hypothesis that claudins can be divided into two broad categories: sealing and pore forming (56) . However, the concept of naturally occurring sealing claudins is not universally accepted, as other models may also explain the data. For example, claudin-4 can be classified as either sealing or as anionselective, pore forming (56) . Evidence in favor of sealing includes the reduction in paracellular ion conductance when claudin-4 is overexpressed in MDCK cell monolayers (55) as well as the loss of barrier function induced by Clostridium perfringens enterotoxin, which binds to claudins 3 and 4 and induces their removal from the tight junction (54, (57) (58) (59) . Nevertheless, it is also possible that claudin-4, and other claudins that increase transepithelial resistance, does not directly seal the paracellular space but displaces pore-forming claudins from tight junction strands. This model is supported by the observation that claudin-4 knockdown reduces paracellular Cl − permeability, as well as by data suggesting that claudin-8 increases barrier function by displacing claudin-2, which forms cation-selective pores, from the tight junction (60) . Thus, although the specific role of claudins in forming paracellular pores is relatively well understood (16, 34, 37, 42, 61, 62) , the manner in which claudins enhance barrier function is not.
TIGHT JUNCTION ORGANIZATION DEPENDS ON INTERPROTEIN INTERACTIONS
Until recently, the tight junction was considered to be a stable, heavily cross-linked protein complex (14, 43, (63) (64) (65) . This model was supported by the numerous protein interactions present between tight junction proteins ( Table 1) . For example, claudin proteins can form tight junction-like strands, but not actual tight junctions, in fibroblasts (66) . Importantly, these strands form only at sites of cell-cell contact, suggesting an important role of extracellular interactions between claudins in forming the strands (49, 52, 66) . In epithelial cells, the site of claudin protein polymerization to form strands depends on ZO family protein expression (31) , and cells lacking ZO-1 and ZO-2 fail to form tight junctions at all. This likely reflects a requirement for the PDZ (PSD95, Dlg, and ZO-1) domains of these proteins that TAMPs: tight junction-associated marvel proteins bind to C-terminal YV motifs of most claudins (67) and are necessary for efficient junctional claudin delivery (65, 68, 69) . Moreover, each of the tight junction-associated marvel proteins (TAMPs), occludin, tricellulin, and marvelD3, as well as other tight junction proteins can be incorporated into the tight junction-like strands formed by claudins (31, 70, 71) . This may reflect the ability of occludin to interact directly with ZO-1 (23) and the ability of TAMPs to interact with one another (70) , as no direct binding between cytoplasmic tails of claudins and TAMPs has been identified. Overall, it has been difficult to decipher the nature of specific protein interactions within tight junctions of living cells, and even in cell-free systems, very few have been characterized quantitatively (67) . Thus, although the contribution of this plethora of protein interactions to barrier function is poorly understood, they are thought to be essential for maintenance of tight junction structure.
TIGHT JUNCTION BARRIER FUNCTION IS PLASTIC
The discussion above implies that, although tight junction barrier properties may differ between tissues as a result of claudin expression, they are, for the most part, fixed within each cell type. This view is consistent with early morphological analyses of tight junction structure as well as ex vivo functional studies that showed preservation of paracellular barrier function until tissue death. However, a new model of the tight junction was needed when it was found that barrier function could be acutely regulated. The first study to demonstrate increased barrier function in response to an extracellular stimulus showed that kinetin and zeatin, both of which are plant hormones derived from adenine, were able to induce a marked increase in paracellular electrical resistance of Necterus gallbladder (72) . Subsequent work found that the cell-permeant cAMP analog 8-Br-AMP had similar effects (73) . In both of these cases, freeze-fracture electron microscopy identified a marked increase in tight junction strand number as well as exten-sion of these strands into lateral cell membranes (72, 73) . Similarly, transmucosal conductance of rabbit ileum was reduced by theophylline or cholera toxin, both of which increase intracellular cAMP (74) . This was associated with decreased cation selectivity, i.e., a reduction in the relative permeability of Na + to Cl − from 2.1 to 1.5 (74) , consistent with a reduced abundance of paracellular Na + channels as the cause of the observed decrease in conductance. Although the signaling pathways that increase barrier function in response to cAMP remain incompletely defined, similar functional and morphological changes could be induced by mucosal hyperosmotic stress in guinea pig jejunum (75) . More recent data have linked hyperosmotic stress, protein kinase A, and rab13 to endocytic trafficking of tight junction proteins (76) .
In contrast to the effects of cAMP, disruption of the cytoskeleton reduced epithelial barrier function of gastrointestinal mucosa and cultured epithelial monolayers (77) (78) (79) . Cytochalasins, which cap and sever microfilaments, caused profound loss of electrical resistance and cation selectivity along with increased paracellular mannitol flux (79) . This was associated with condensation of the dense perijunctional actomyosin ring that lies beneath the tight and adherens junctions (78, 79) as well as a marked decrease in the number of tight junction strands and interstrand junctions (79) . Remarkably, these changes were energy dependent, suggesting that tight junction disruption following microfilament depolymerization was an active process. New insight into the mechanisms of this barrier loss has been provided by simultaneous, real-time analysis of tight junction structure and barrier function in epithelial monolayers treated with latrunculin A, which binds to and sequesters G-actin monomers. These studies assessed the organization of validated fluorescent fusion proteins during latrunculin A treatment (80) . Remarkably, endocytosis of tagged occludin was temporally associated with barrier loss, whereas claudin-1 and ZO-1 redistribution occurred much later (80 temperature, hyperosmotic media, or extraction of membrane cholesterol also prevented latrunculin A-induced barrier loss. Thus, endocytosis is required for tight junction regulation following microfilament depolymerization. This may be of more general importance, as barrier loss associated with disassembly of both adherens and tight junctions following calcium chelation also depends on endocytosis (81) .
PHYSIOLOGICAL BARRIER REGULATION OF THE TIGHT JUNCTION BARRIER
In the kidney, charge selectivity of the pore pathway varies along the length of the nephron, and such variance is critical to the physiology of tubular reabsorption (33, 82, 83) . However, with the exception of stimuli that modify synthesis and turnover of tight junction proteins over extended intervals, paracellular permeability differences between nephron segments are relatively fixed. In contrast, the tight junction regulation induced by intestinal Na + nutrient cotransport is an acute and reversible response to luminal nutrients (10, (84) (85) (86) . The physiological import of this regulation has been the subject of controversy (87, 88) . However, it is now generally accepted that increased tight junction permeability and activation of apical Na + -H + exchange and Na + absorption by Na + -glucose cotransport contribute significantly to intestinal water and solute absorption (16, (89) (90) (91) (92) (93) (94) . Electron microscopic examination demonstrated perijunctional actomyosin condensation during active Na + -glucose cotransport and provided initial insight into the mechanism of this process (85, 95) . This was followed by biochemical analyses that demonstrated increased myosin II regulatory light-chain (MLC) phosphorylation during Na + -glucose cotransport-induced tight junction regulation, both in vitro (84) and in vivo (96) . Although several kinases are capable of phosphorylating MLC (97) and regulating myosin phosphatase (98, 99) , both in vitro and in vivo data demonstrate that myosin light-chain kinase (MLCK)
is central to Na + -glucose cotransport-induced tight junction regulation (84) .
PATHOPHYSIOLOGICAL BARRIER REGULATION OF THE TIGHT JUNCTION BARRIER
Interest in mechanisms of tight junction regulation was amplified by the recognition that intestinal permeability is increased in Crohn's and celiac disease patients (100, 101) . Subsequent reports of increased intestinal permeability in healthy first-degree relatives of Crohn's disease patients (102, 103) , as well as the association of barrier loss with disease reactivation (104), suggested that tight junction dysregulation might be of great clinical relevance. More recently, the association of tight junction barrier loss with intestinal disease has been explored in greater detail using mouse models (91, (105) (106) (107) (108) (109) (110) (111) (112) .
The clinical significance of intestinal barrier dysfunction has been the topic of numerous recent reviews and commentaries (14, 94, 113) and is not detailed here. However, as tumor necrosis factor (TNF) is central to intestinal barrier loss and overall pathogenesis of Crohn's disease (114, 115) and graft-versus-host disease (116, 117) , it is a biologically important model stimulus. The effect of TNF on in vivo epithelial barrier function can be modeled in vitro using cultured monolayers (118, 119) . Although both epithelial apoptosis and tight junction dysregulation have been suggested to contribute to permeability increases (120, 121), a variety of data indicate that MLCK is the primary intermediate through which TNF induces barrier loss, both in vitro (121) (122) (123) and in vivo (91, 107) . Thus, TNF commandeers an existing physiological signaling pathway to dysregulate paracellular permeability. TNF also downregulates apical Na + -H + exchange, thereby eliminating the transmucosal Na + gradient that drives fluid absorption to allow reversal of net fluid transport and to cause diarrhea (91, 94) . TNF-induced barrier loss is associated with increased paracellular flux of large, uncharged EGFP: enhanced green fluorescent protein solutes (119, 123) , consistent with regulation of the leak pathway (16) .
Like that following actin depolymerization, barrier loss induced by inflammatory cytokines is associated with endocytosis of tight junction proteins (29, 91, 107, (123) (124) (125) (126) . Acute, in vivo studies suggest that TNF specifically induces occludin internalization (91, 107) . Given the apparently normal intestinal barrier function of occludin knockout mice (26) , this was an unexpected result. However, studies of occludin knockout mice exposed to stressors have not been reported, and activation of compensatory mechanisms has not been assessed in these animals. In contrast, although transgenic mice that overexpress enhanced green fluorescent protein (EGFP)-occludin within the intestinal epithelium are phenotypically normal under basal conditions, they are significantly protected from TNF-induced barrier loss and diarrhea (29) . This may reflect the abundance of EGFP-occludin at intestinal epithelial tight junctions of TNF-treated transgenic, relative to wild-type, mice (29) . TNF induces endocytic removal of occludin from intestinal epithelial tight junctions of wild-type mice by mechanisms that require MLCK; dynamin II; caveolin-1; and cholesterol-enriched, raft-like membrane domains (Figure 3) (29, 107) . Prevention of occludin endocytosis by inhibition of MLCK or dynamin II, knockout of caveolin-1, or disruption of raft-like membrane domains prevents TNF-induced barrier loss and diarrhea (29) . These data suggest that occludin contributes to tight junction organization and is essential for TNF-induced, MLCK-dependent tight junction regulation. Analyses in MDCK monolayers confirm the critical role of occludin in leak pathway maintenance (27) . Moreover, knockdown of either occludin or caveolin-1, but not that of tricellulin, prevents TNFinduced leak pathway flux increases in MDCK monolayers (28) . Thus, occludin is involved in multiple forms of cytoskeletally mediated leak pathway regulation. However, in vitro studies showed that occludin overexpression and knockdown increased and reduced sensitivity to cytokines, respectively (28) , whereas the in vivo studies showed that occludin overexpression was protective (29) . Further studies are needed to define the reasons for this difference, which may include the increased barrier function induced by occludin overexpression in vitro or activation of processes to compensate for occludin overexpression in vivo.
In contrast to TNF, interleukin (IL)-13, which is also implicated in inflammatory bowel disease, increases paracellular permeability to small, uncharged molecules and cations in vitro and in vivo (16, 62, 127) . This barrier defect is not associated with MLCK activation or endocytosis but does require increased claudin-2 expression (16) . Interestingly, clinical samples show that claudin-2 expression is augmented to a greater degree in ulcerative colitis relative to Crohn's disease (128) and correlates with the degree of IL-13 induction in patients with these diseases (62) . Thus, IL-13 selectively activates the pore pathway by increasing claudin-2 expression. Although physiological regulation of the claudin-2-dependent pore pathway has not been described, claudin-2 expression is far greater in the developing neonatal gut (32) , where it may compensate for the immaturity of other mechanisms of regulating paracellular transport. These data indicate that TNF and IL-13, cytokines that are central to intestinal barrier loss in disease, activate different signaling events to enhance trans-tight junction flux by distinct pathways. However, MLCKdependent increases in intestinal epithelial leak pathway permeability are also able to induce mucosal IL-13 production, which, in turn, increases claudin-2 expression and pore pathway permeability (16) . Thus, although pore and leak pathways are separable, they are likely to communicate with one another in vivo. This conclusion has implications for the durability of barrier regulation, as phosphorylation events, such as MLCK-dependent leak pathway regulation, can be activated and reversed rapidly, whereas synthesis of new proteins, such as claudin-2 to increase pore pathway cation flux, develops more slowly and is longer lasting. 
TIGHT JUNCTION MOLECULAR STRUCTURE IS HIGHLY DYNAMIC
The data above demonstrate the remarkable plasticity of the tight junction with respect to barrier function. This is frequently, but not always, associated with modulation of tight junction ultrastructure or redistribution of tight junction-associated proteins. Although physiologically desirable, the ease with which the tight junction can be acutely regulated is difficult to reconcile with the model of the tight junction as a stable, heavily cross-linked structure. This raises the possibility that the molecular structure of the tight junction is more dynamic, even at steady state, than previously thought. This possibility would also be consistent with the mathematical models that predict tight junction flux pathways to have both open and closed states that can be defined by open probability (8) . However, structural correlates of opening and closing have not been identified.
To better understand the dynamic behavior of the barrier, the technique of fluorescence recovery after photobleaching (FRAP), which allows analysis of fluorescent protein mobility in living cells and tissues, has been applied to tight junction proteins (Figure 4) . FRAP analysis of non-tight junction strands formed by claudin-1-EGFP strands in fibroblasts showed that there was no fluorescent recovery within strands (49) . Thus, although the strands were highly dynamic, the stability of claudin-1-EGFP within strands supported a view of the tight junction as a stable, heavily cross-linked, molecular complex. However, a detailed analysis of tight junction protein steady-state dynamics showed that, whereas EGFP-claudin-1 was relatively stable, other tight junction proteins have distinct exchange behaviors (65) . These experiments were performed by systematically assessing the mobilities of different EGFP-tagged tight junction proteins expressed in MDCK monolayers by FRAP and fluorescence loss in photobleaching (FLIP) (65) .
FRAP analyses showed that EGFP-occludin is highly mobile at the tight junction (65) . Given the critical role of occludin endocytosis in cytoskeletally mediated tight junction regulation (28, 29) , this result suggested that vesicular traffic might be involved in occludin fluorescence recovery. However, neither ATP depletion nor brefeldin A, a guanine exchange factor inhibitor that interferes with membrane traffic, affected occludin FRAP kinetics (65) . In contrast, occludin fluorescent recovery was markedly inhibited by disruption of raft-like membrane domains with methyl-β-cyclodextrin or global membrane stabilization by reduced temperature (65) . A significant role for intracellular occludin pools in FRAP behavior was also excluded by FLIP analyses in which continuous photobleaching of the cytoplasm did not effect significant fluorescent loss at the tight junction (65) . In contrast, FLIP studies in which the tight junction was photobleached continuously showed progressive loss of occludin fluorescence that extended from the bleached region, suggesting that occludin diffuses within the membrane (65) . Consistent with these data, recovery of an elongated photobleached region began at the edges and moved progressively to the center. Moreover, occludin tagged with photoactivatable green fluorescent protein (GFP) diffused within the tight junction. Thus, diffusion within the membrane is the primary mechanism of occludin fluorescence recovery (65) .
Like occludin, fluorescent-tagged ZO-1 is highly mobile at the tight junction (65, 129) . One possible explanation of these data is that occludin and ZO-1 diffuse within the membrane bound to one another, as has been suggested for the E-cadherin-β-catenin complex (130) . However, unlike occludin, ZO-1 exchange is energy dependent, is insensitive to methyl-β-cyclodextrin, and is only modestly affected by temperature (65) . Moreover, FLIP studies in which the tight junction was photobleached continuously did not significantly reduce ZO-1 fluorescence in adjacent regions, and recovery was simultaneous at the center and edges of an elongated photobleached region (65) . However, continuous photobleaching of the cytoplasm caused progressive loss of ZO-1 fluorescence at the tight junction, indicating communication between cytosolic and tight junction-associated ZO-1 pools (65) . These data show that ZO-1 does not remain bound to occludin during exchange but exchanges with a cytosolic pool by an energy-dependent mechanism. Thus, two of three representative tight junction proteins are remarkably dynamic at the tight junction.
Exchange of claudin-1, occludin, and ZO-1; experimental data from FRAP and FLIP studies; and other features of protein trafficking were used to model the dynamic behavior of each protein (Figure 5a) . This was
Figure 4
Analysis of protein interactions in living cells is greatly facilitated using fluorescent fusion proteins. Methods of measurement include fluorescence recovery after photobleaching (FRAP), fluorescence loss in photobleaching (FLIP), and time-lapse imaging of photoactivatable and photoswitchable fluoroproteins. (a) FRAP analysis of tight junction proteins is accomplished by photobleaching a defined segment of the junction followed by time-lapse imaging until a later time at which steady state is achieved (t ss ). Quantitative analysis of fluorescence recovery can be used to determine the size of the pool available for exchange, or mobile fraction, as well as the rate of exchange, as reflected by the time required for half-maximal recovery. (b) FLIP can be used to assess exchange between morphologically distinct protein pools. In the example shown, continuous photobleaching of the cytoplasm, sparing the tight junction, leads to reduced fluorescence at the tight junction. This indicates exchange between tight junction and cytoplasmic pools. Similarly, analysis of fluorescence in one area of the tight junction during continuous photobleaching of a separate area of the tight junction can be used to measure exchange between these areas. (c) Photoactivatable and photoswitchable fluoroproteins allow experiments that are essentially the reverse of FRAP. For example, targeted activation at one region of the tight junction allows measurement of the rate at which fluorescence moves away from the junction and simultaneous morphological and quantitative analysis of the sites to which the protein is trafficked. Models of tight junction protein behavior. (a) Computer simulations of tight junction FLIP (fluorescence loss in photobleaching) and FRAP (fluorescence recovery after photobleaching) behavior support the presence of different dynamic behaviors for claudin-1 (Cldn1), occludin (Ocln), and zonula occludens-1 (ZO-1). Cldn1 is localized at the tight junction, and fluorescence recovery occurs via diffusion of the mobile pool from adjacent unbleached areas of tight junction. The fixed pool does not exchange. Like Cldn1, Ocln diffuses within the tight junction, but exchange also occurs with a lateral membrane pool. However, unlike Cldn1, there is no fixed Ocln pool. Both fixed and exchangeable ZO-1 pools are present at the tight junction; the latter exchanges with a cytosolic ZO-1 pool. (b) The rate of ZO-1 exchange between the tight junction and cytosol is regulated through interactions with actin. ZO-1 dynamics are best modeled as containing two exchangeable pools at the tight junction. An actin-binding region (ABR)-anchored pool exchanges slowly between the cytosol and the tight junction and is sensitive to myosin light-chain kinase (MLCK) inhibition, whereas a MLCK-independent pool exchanges rapidly between the tight junction and the cytoplasm. straightforward in the case of claudin-1, which could be modeled as exclusively associated with the tight junction. However, to replicate the limited mobility of claudin-1, it was necessary to define tight junction-associated claudin-1 as existing in two pools: one that was able to diffuse and a second, which contained approximately 60% of total claudin-1, that was stably anchored. When a diffusion coefficient similar to previously reported values for transmembrane proteins was applied, this simple model accurately recapitulated EGFP-claudin-1 behavior in standard FRAP analyses as well as FLIP experiments in which either tight junction or cytoplasm was bleached continuously (65) . Thus, in silico modeling supports the conclusion that tight junction-associated claudin-1 is present in two biophysically distinct pools. It will be important for future studies to define the respective functions of these pools and potential for communication between them.
As detailed above, several pieces of data suggest that vesicular trafficking of cytoplasmic pools to and from the tight junction does not contribute to occludin FRAP behavior. However, even after adjusting pool sizes, EGFP-occludin behavior could not be reproduced using a model similar to that developed for claudin-1. Several models were tested, but only one in which occludin exchanged within and between tight junction and lateral membrane pools accurately recapitulated occludin behavior in FRAP and FLIP experiments (65) . This is consistent with detection of both EGFPoccludin and endogenous occludin below the tight junction within lateral membranes (29, 131, 132) . Interestingly, anchored pools were not required in this model, but it was necessary to assume that lateral membrane occludin diffuses more rapidly than that at the tight junction (65) .
The FRAP and FLIP data indicate that ZO-1 does not diffuse at the membrane but exchanges with a large cytosolic pool. A model including a large cytosolic pool as well as exchangeable and anchored tight junctionassociated ZO-1 pools was able to reproduce the results from the FRAP and FLIP studies (65) . Consistent with the presence of numerous protein interaction domains within ZO-1, the in silico diffusion constant required to model cytosolic ZO-1 behavior was markedly ABR: actin-binding region less than that measured for free cytoplasmic EGFP. Thus, in silico modeling of actual FRAP and FLIP data can provide unique insight into the composition of intracellular pools and exchange reactions. In turn, this information can be used to probe the specific interactions involved in protein dynamic behavior.
MOLECULAR DETERMINANTS OF LEAK PATHWAY FLUX
As described above, MLCK is central to physiological and pathophysiological regulation of the leak pathway. To test the hypothesis that tight junction protein exchange contributes to barrier regulation, the FRAP behaviors of claudin-1, occludin, ZO-1, and actin were assessed in Caco-2 intestinal epithelial monolayers. Although claudin-1, occludin, and actin exchange was similar to that observed in MDCK monolayers, a slightly greater fraction of ZO-1 was anchored at the tight junction of Caco-2 cells (133) . Pharmacological MLCK inhibition significantly elevated transepithelial electrical resistance (TER) of Caco-2 monolayers, but there was no change in localization or FRAP kinetics of claudin-1, occludin, or perijunctional actin. In contrast, ZO-1 fluorescence recovery was markedly reduced following MLCK inhibition (133) . In vivo FRAP analyses of fluorescent-tagged ZO-1 expressed in jejunal epithelia of transgenic mice showed that, as was true in MDCK and Caco-2 monolayers, ZO-1 was highly dynamic. Moreover, pharmacological MLCK inhibition limited in vivo ZO-1 recovery (133) . Thus, MLCK regulates both tight junction barrier function and exchange of ZO-1 between tight junction and cytosolic pools.
ZO-1 contains three PDZ domains, the most N-terminal of which binds to claudins (67), a centrally located SH3-guanylate kinase hinge region, the site of interaction with occludin, and an actin-binding region near the C terminus (134, 135) . To better understand the mechanisms of MLCK-dependent ZO-1 exchange, FRAP behavior of a mutant ZO-1 lacking the actin-binding region (ABR), ZO-1 ABR , was assessed (133) . The fraction of ZO-1 ABR stably associated with the tight junction was reduced, relative to full-length ZO-1. Moreover, MLCK inhibition did not affect exchange of ZO-1 ABR . These data indicate that the ABR anchors ZO-1 at the tight junction, both at steady state and following MLCK inhibition (133) . Consistent with this, expression of free ABR reduced full-length ZO-1 exchange to a level similar to that after MLCK inhibition (133) . MLCK inhibition did not cause further reductions of full-length ZO-1 exchange in Caco-2 monolayers expressing free ABR. Thus, the ABR is a critical determinant of ZO-1 anchoring and acts as a dominant-negative inhibitor of ZO-1 exchange.
The central role of the ABR in ZO-1 anchoring and exchange raises the possibility that the ABR may also be involved in MLCKdependent barrier regulation. The observation that ABR expression reduces TER supports this hypothesis. Importantly, ABR expression does not affect TER in ZO-1 knockdown cells, confirming that the TER loss induced by ABR expression in wild-type monolayers reflects a dominant-negative effect on ZO-1 and is not the result of global actin disruption. Finally, ABR expression prevents MLCK-dependent barrier regulation (133) . Similarly, TER of Caco-2 monolayers in which ZO-1 expression was knocked down was unaffected by MLCK inhibition, either with or without ABR expression (133) . As a whole, these data show that MLCK-dependent ZO-1 exchange and ABRdependent ZO-1 anchoring are critical determinants of tight junction barrier function.
The conclusions above are consistent with a separate study showing increased leak pathway flux of MDCK cell monolayers after ZO-1 knockdown (15) . MDCK cells lacking ZO-1 also demonstrated increased sensitivity to barrier loss induced by actin depolymerization, extracellular Ca 2+ chelation, or myosin II motor inhibition (15) . However, that report showed that ZO-1 ABR was able to restore leak pathway barrier function in MDCK cells lacking full-length ZO-1 (15) . The reasons for this difference are not entirely clear but may reflect www.annualreviews.org • Tight Junction Dynamics greater ZO-1 anchoring in Caco-2 cells (133) or the failure of MLCK inhibition to raise TER in MDCK monolayers (L. Shen & J.R. Turner, unpublished observations). As noted above, occludin has also been linked to TNF-induced leak pathway regulation (28, 29) . Moreover, ZO-1 and occludin, but not claudins, are redistributed following MLCK activation in cultured monolayers (136) as well as after immune activation in vivo (107) . Thus, ZO-1 and occludin appear to be central to leak pathway function. It will be important for future analyses to further define the molecular roles of these proteins in leak pathway regulation as well as their contributions to signaling by distinct stimuli.
In addition to studies of deletion mutants and cells lacking ZO-1, mathematical modeling may provide further insight into and direct investigation of ZO-1 function. Such analyses show that the previous model of ZO-1 trafficking using a large cytosolic pool and both exchangeable and nonexchangeable (fixed) tight junction-associated ZO-1 pools (65), which was developed from data obtained using MDCK cells, is unable to explain the effects of MLCK inhibition on ZO-1 trafficking in Caco-2 cells as well as murine jejunal enterocytes (133) . A model capable of explaining the Caco-2 data required division of the exchangeable tight junction-associated ZO-1 pool into two pools on the basis of sensitivity to MLCK inhibition (Figure 5b) . Modeling of ZO-1 exchange before and after MLCK inhibition on this basis allowed definition of MLCK-dependent and MLCK-independent components of ZO-1 exchange (133) . This model also required that the ABR be involved in anchoring the nonexchangeable ZO-1 pool as well as the pool that exchanges by a MLCK-dependent process (133) . Although this model may require further refinement as new data are obtained, it does recapitulate the ZO-1 FRAP data obtained in vitro using both MDCK and Caco-2 monolayers as well as in vivo data from transgenic mice (133) . Moreover, changes to a single constant (either exchange rate or size of one pool) are sufficient to reproduce the effects of MLCK inhibition or ABR deletion (133) . This model will be useful as a guide to future studies of cytoskeletally mediated leak pathway regulation.
MOLECULAR DETERMINANTS OF PORE PATHWAY FLUX
As briefly described above and reviewed in detail elsewhere (43) , the claudin residues responsible for ion selectivity and modulation of pore pathway permeability by changes in claudin protein expression have been well documented in cell culture (34, 37, 38, 40, (137) (138) (139) (140) (141) , animal models (16, 32) , and human disease (33, 62, 142) . However, other than examples of acute claudin endocytosis, such as that following C. perfringens enterotoxin binding to claudins 3 and 4 (54, 57, 58) , little information is available regarding posttranslational regulation of the pore pathway. However, palmitoylation can influence the trafficking and half-life of claudin proteins and, as a direct result, modify effects of claudins on paracellular permeability (141, 143) . Additionally, interactions among claudin proteins to form pores (144) and to regulate pore opening and closing events are likely critical to barrier regulation. Finally, interactions between specific claudins and other tight junction proteins may regulate pore assembly and opening. For example, emerging data are consistent with a model in which phosphorylation of a specific site within the C-terminal occludin tail destabilizes occludin ZO-1 interactions. This enhances ZO-1-dependent claudin-2 stabilization at the tight junction, e.g., a reduced mobile fraction as assessed by FRAP, and enhances cation flux through claudin-2 pores (145) . Conversely, the model suggests that occludin dephosphorylation facilitates assembly of a complex that includes occludin, ZO-1, and claudin-2; increases claudin-2 and ZO-1 exchange; and limits assembly or opening of claudin-2-based pores (145) . Experiments that test this model and others are likely to yield a new molecular understanding of the pore and leak pathways of tight junction flux over the next decade.
CONCLUSIONS
Tight junctions form the major paracellular barrier to the flux of ions and molecules. The function of this barrier is complex, with at least two mechanisms of trans-tight junction flux: a pore pathway and a leak pathway. It is now well established that claudins are important in establishing the tight junction pore pathway, and recent findings have shown that ZO-1 and occludin are important in the leak pathway. However, regulation of these pathways can also be defined by interactions between multiple classes of tight junction proteins. Moreover, cross talk between the pore and leak pathways may occur via intracellular and extracellular signaling events that include kinase activation and cytokine release by nonepithelial cells. An integrated understanding of the mechanisms that determine barrier function and the interplay among these regulatory processes is being developed. Such an understanding will delineate multiple means of selectively modifying epithelial barrier function with respect to specific types of solutes and, ultimately, will provide new insight into the contributions of tight junction physiology and pathophysiology.
SUMMARY POINTS
1. Tight junctions are the principal determinants of epithelial, and endothelial, paracellular barrier function.
2. The permeability of tight junctions varies significantly between tissues and can also be regulated in response to pharmacological, physiological, and pathophysiological stimuli.
3. There are at least two distinct pathways across the tight junction: a high-capacity pore pathway that allows small, uncharged solutes and specific ions to pass and a low-capacity leak pathway that is permeable to larger macromolecules but is not ion selective.
4. Charge selectivity and overall permeability of the pore pathway are defined primarily by the subset of claudins expressed but may also be regulated by protein interactions at the tight junction.
5. Permeability of the leak pathway can be acutely regulated by the cytoskeleton via mechanisms that involve ZO-1 and occludin.
6. Molecular interactions at the tight junction are dynamic at steady state. Differential modulation of the kinetics of these processes may underlie leak and pore pathway regulation.
7. Mathematical modeling of tight junction structure, permeability, and protein exchange dynamics can provide new insight into mechanisms of tight junction regulation.
FUTURE ISSUES
1. The specific contributions of individual proteins to tight junction function are only beginning to be understood and are in need of further study.
2. The structure of claudin-based pores is unknown, and factors such as open probability and single-claudin pore conductance are presently only theoretical considerations. Improved understanding of these properties, both at steady state and during regulation, will require new technologies that measure local tight junction function.
3. An improved understanding of the biophysical characteristics of the leak pathway and the structures that allow large molecules to pass through the tight junction is required.
4. Mechanisms of protein delivery to and retrieval from the tight junction remain incompletely defined.
5. Improved in vivo characterization of protein interactions at the tight junction will inform future functional analyses. The effects of posttranslational protein modifications on these interactions, as well as on tight junction structure and function, deserve further analysis.
6. Application of sub-diffraction-limit optical imaging and other emerging imaging approaches to living cells may provide novel insight into the dynamics of tight junction strand organization.
7. The contribution of membrane lipids to tight junction structure and function at steady state and during barrier regulation requires further study.
8. Further molecular definition of signaling between transcellular transporters and paracellular leak and pore pathways is needed to understand the mechanisms that coordinate mucosal fluid and electrolyte transport in normal and pathological states.
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